Cellular senescence is an antiproliferative response with essential functions in tumor suppression and tissue homeostasis. Here we show that SIX1, a member of the SIX family of homeobox transcriptional factors, is a novel repressor of senescence. Our data show that SIX1 is specifically downregulated in fibroblasts upon oncogenic stress and other pro-senescence stimuli, as well as in senescent skin premalignant lesions. Silencing of SIX1 in human fibroblasts suffices to trigger senescence, which is mediated by p16INK4A and lacks a canonical senescence-associated secretory phenotype. Interestingly, SIX1-associated senescence is further characterized by the expression of a set of development and differentiation-related genes that significantly overlap with genes associated with SIX1 in organogenesis or human tumors, and show coincident regulation in oncogene-induced senescence. Mechanistically, we show that gene regulation by SIX1 during senescence is mediated, at least in part, by cooperation with Polycomb repressive complexes. In summary, our results identify SIX1, a key development regulator altered in human tumors, as a critical repressor of cellular senescence, providing a novel connection between senescence, differentiation and tumorigenesis.
INTRODUCTION
Cellular senescence was initially identified as a consequence of accumulated doublings in cells in culture. However it is now clear that senescence is a wide-ranging antiproliferative response that helps to control cell balance and tissue homeostasis in diverse contexts, including tumor suppression, development, wound healing or fibrosis (reviewed in Kuilman et al., 1 Munoz-Espin and Serrano 2 and Salama et al. 3 ). The essential characteristic of senescent cells is cell-cycle arrest. In addition, the senescent phenotype may include specific changes in cell morphology, chromatin and nuclear structure, activation of a DNA-damage response, regulation of autophagy or the activation of a specific secretory phenotype. 1, 4 Gene expression during senescence is under strict control, through the coordinated action of transcriptional factors, long non-coding RNAs and miRNAs, as well as gene specific and global chromatin modifications. 3, 5, 6 SIX proteins (SIX1 to SIX6 in vertebrates) form a specific class of the superfamily of homeobox transcription factors. 7 SIX family factors cooperate with cofactors like EYA or DACH proteins to regulate gene expression, through recognition of specific sequence motifs. 8, 9 Work in Drosophila and vertebrates has revealed a critical role for these factors in cell fate specification during organogenesis, often in specific stem/progenitor populations essential for the formation and regeneration of organs and tissues like kidney, skeletal muscle or inner ear. [10] [11] [12] In humans, alterations in SIX proteins or cofactors are linked to the branchio-oto-renal syndrome, characterized by renal and otic defects. 8, 13 Interestingly, SIX1 is frequently overexpressed in various human tumors, often associated with stem cell phenotypes and increased metastatic potential. 7, 14, 15 Here we report a novel function for SIX1 as a repressor of cellular senescence via the control of the cell-cycle inhibitor and senescence regulator p16INK4A, as well as genes related to development and differentiation.
RESULTS

SIX1 is specifically downregulated during senescence
In an expression profiling experiment in IMR90 human primary fibroblasts undergoing oncogene-induced senescence (OIS), 16 we identified the homeoprotein SIX1 as one of the most downregulated genes in Ras-senescent cells, with its expression being reduced over 20-fold relative to control growing cells. To validate the results from the expression array and test the specificity of SIX1 downregulation, we compared Ras-senescent IMR90 fibroblasts with Ras/E1A fibroblasts where the viral protein E1A prevents senescence by disabling the p53 and Rb pathways. 17 We observed that SIX1 transcript and protein were dramatically reduced in Ras-senescent cells, but not in Ras/E1A cells that bypass senescence (Figures 1a-c; Supplementary Figure S1a ). SIX1 expression was also investigated in additional senescence cellular models. First, we analyzed Ras-senescent mouse embryo fibroblasts (Figures 1d and e) , where inactivation of the Arf/p53 pathway suffices for senescence bypass. 18 Consistent with the results in human fibroblasts, Six1 RNA and protein were significantly reduced in wild-type Ras-senescent fibroblasts, but not in p53-null counterparts, which did not enter senescence in response to Ras. 17 Similarly, we also observed robust downregulation of SIX1 transcript and protein in IMR90 cells senescent by DNA damage caused by gamma irradiation, enforced expression of reprogramming factors or accumulation of population 1 doublings (Figure 1f ; Supplementary Figures S1b-d) . In contrast, SIX1 transcript and protein did not change significantly in quiescent IMR90 fibroblasts (Figures 1g and h) , indicating that the downregulation of SIX1 was not merely associated with reduced proliferation, but was instead senescence specific. Next, to understand the kinetics of SIX1 regulation during senescence, we used a model of inducible OIS, based in the tamoxifenregulated expression of an ER:RasV12 cassette.
19 SIX1 levels were analyzed in these cells over a period of 7 days after addition of tamoxifen, in parallel with several well-characterized senescence markers (Figure 2a ). In line with the results described above, after an early peak in expression, SIX1 levels were significantly reduced after 5 days of Ras induction. Similar results were obtained in a different fibroblast strain (Supplementary Figure 1e) . The decrease in SIX1 occurred with a kinetics similar, although slightly delayed, to the induction of the cell-cycle inhibitors and senescence effectors p16INK4A (hereafter p16) and p21CIP1 (p21) and the decrease in the proliferation maker Cyclin A, and it took place before the activation of the senescence-associated secretory henotype (SASP), as assessed by interleukin 8 (IL8) levels. 19, 20 We further sought to characterize the signaling pathways responsible for SIX1 regulation during OIS. Ras-induced senescence is mainly relayed by the RAF/MEK promitogenic effector pathway. 21 Expression of activated MEK provoked a reduction in SIX1 similar to RasV12, while the addition of the MEK inhibitor PD98059 significantly blunted SIX1 regulation by RasV12 (Figure 2b and quantitative polymerase chain reaction (QPCR) data not shown), suggesting that SIX1 regulation during Ras-induced senescence is mediated mainly by the RAF/MEK pathway. 21 Next, we evaluated if SIX1 regulation was dependent on the p53 and p16/Rb tumor suppressive pathways, which play key roles in regulation of senescence in human fibroblasts and also participate directly in transcriptional regulation. 5, 22 We observed that the downregulation of SIX1 by Ras was essentially unchanged in cells expressing shRNAs for p53 or p16, indicating that the regulation of SIX1 during OIS occurs independently of the p53 and p16/Rb pathways (Figure 2c and QPCR data not shown), even though some differences in SIX1 basal levels could be observed. It should be noted that independent inactivation of either pathway is not sufficient to blunt induction of Ras-senescence in human fibroblasts.
3,17 IL8 induction was used here as a p53-and p16-independent readout of senescence. 23 After characterizing SIX1 regulation in cells in culture, we wished to test if SIX1 underwent similar regulation during senescence in vivo. Cellular senescence is activated in preneoplastic lesions where it acts as a critical barrier to prevent tumor progression. 22, 24 Thus, we analyzed the expression of Six1 in murine skin papillomas induced with a chemical carcinogenesis protocol, a type of benign lesions where senescence has been well characterized. 24 Six1-positive cells could be detected by immunohistochemistry in the basal layer of normal epidermis that included Ki-67-positive cells and was negative for the differentiation marker keratin 10. As expected, the senescence marker p19Arf was undetectable in normal skin. In papillomas, some Six1-positive cells could be detected in the basal layer, but they were essentially absent from the keratin 10-positive suprabasal layers that contained senescent cells, as shown by the expression of p19Arf and absence of proliferating Ki-67-positive cells (Figures 3a and b) . The immunohistochemistry results were confirmed with QPCR data that showed dramatically reduced Six1 expression and increased p19Arf expression in papillomas relative to normal skin ( Figure 3c ).
SIX1 is a negative regulator of senescence Having characterized the regulation of SIX1 during senescence, we wished to establish the functional relevance of SIX1 downregulation in the implementation of senescence. Figure S2b and data not shown). Notably, other markers associated with some forms of senescence, such as senescent-associated heterochromatin foci, 25 or DNA damage foci, 26 were not observed in shSIX1 fibroblasts (Supplementary Figure S3a) . Also, during our characterization of the phenotypic effects of SIX1 silencing, we failed to detect any noticeable change in IL8, a key component of the senescentassociated secretory phenotype or SASP, 20 in contrast to Ras-induced senescence in the same cells (Figures 4b-e), suggesting that this part of the senescence phenotype was not activated during shSIX1 senescence. SASP soluble factors have been shown to induce a senescent phenotype in normal recipient fibroblasts. 27 To evaluate functionally the effects of SIX1 silencing in this context, we assayed the ability of conditioned medium from shSIX1-senescent IMR90 to trigger senescence in a paracrine fashion ( Figure 4f ). In agreement with the lack of IL8 induction, the medium from senescent shSIX1 cells failed to induce a senescent phenotype or senescence markers in normal recipient fibroblasts, in sharp contrast to the senescence-promoting effects of conditioned medium from Ras-senescent cells (Figures 4g and h ).
SIX1 regulates senescence by a p16-dependent mechanism p16 is a key mediator of the senescent cell-cycle arrest, encoded in the INK4A/ARF locus together with ARF. 3, 22, 28 In agreement with the inverse correlation between SIX1 and p16 found in ER:Rasinduced senescence (Figure 2a ), we observed that p16 protein and RNA levels were significantly increased in shSIX1-IMR90 cells, as did the number of p16-positive cells in immunofluorescence assays (Figures 5a-d) . In contrast, p21, also a well-characterized senescence effector, was modestly decreased (Supplementary Figure S3b) . To test if the pro-senescence effects of silencing SIX1 could be mediated by p16, we used two strains of human fibroblasts with reduced p16 levels, namely IMR90 fibroblasts with shp16, and primary adult dermal fibroblasts that express low levels of endogenous p16. In both cases, reduced p16 levels resulted in a significant blunting of the pro-senescence effect of shSIX1, as measured by bromodeoxyuridine incorporation, senescence-associated β-galactosidase activity, cell number or morphology (Figures 5d-f, and data not shown). Since SIX1 is a transcription factor, we reasoned that these results could reflect direct transcriptional regulation of p16 by SIX1. Chromatin immunoprecipitation (ChIP) revealed specific binding of SIX1 to the human INK4 locus in a region proximal to the p16 transcription start site that contains several consensus binding sites for SIX proteins 29 ( Figure 5g ), suggesting that the INK4A locus can be a transcriptional target of SIX1. Further supporting the link between p16 and SIX1 in this context, enforced SIX1 expression blunted significantly the induction of p16 by Ras in IMR90 fibroblasts, although it had a limited functional impact, leading to partial reversion of Ras-induced senescent arrest. A similar inverse SIX1 cooperates with Polycomb to regulate developmental and differentiation genes in senescence To further characterize the role of SIX1 in senescence, we performed a microarray RNA expression analysis in shSIX1-senescent IMR90 cells. This study identified 435 genes with differential expression in shSIX1-IMR90 cells (at least twofold), 300 increased and 135 reduced relative to growing cells. It should be noted that p16 expression could not be analyzed because the probes in the array did not discriminate between the two products of the INK4A/ARF locus. We validated these results for a selection of upregulated and downregulated genes using QPCR (Figure 6c) . Interestingly, CCND1, a well-known direct target of SIX1 (ref. 30) was significantly downregulated in shSIX1 cells, further validating our analysis. Next, we characterized functionally the results, using gene set enrichment analysis. This analysis revealed a significant enrichment of gene sets associated to epigenetic regulation, with strong representation of Polycomb repressive complexes (PRCs, 9 out of the top 20 gene sets; Figures 6a and b; Supplementary Table S1 ). PRC complexes (PRC1 and PRC2) are critical epigenetic regulators of pluripotency, differentiation and cancer that lead to transcriptional repression by the establishment and recognition of the histone mark H3K27Me3 (trimethylation of Lys27 of histone H3). 31 Of note, PRC complexes play an essential role in senescence, mainly by derepressing the INK4/ARF locus. 5, 28 To test if SIX1 could cooperate with Polycomb complexes in senescence, we analyzed changes in the Polycomb-associated mark H3K27Me3. ChIP showed a clear reduction of H3K27Me3 in the INK4A promoter (~5-fold) in shSIX1-senescent cells (Figure 6e ), in the absence of gross changes in the H3K27Me3 nuclear level or distribution (Supplementary Figure S3a) , similar to other senescence stimuli. 6, 32, 33 Similar data were obtained for other SIX1-regulated genes (data not shown), supporting the notion that SIX1 cooperates with PRCs in gene regulation in senescence. Notably, further gene set enrichment analysis of gene ontology functional categories in shSIX1 senescence revealed a highly significant enrichment of categories related to development, differentiation and organogenesis. Significant enrichment was also observed for gene sets related to mesenchymal stem cells or Ewing sarcoma, which is considered to originate from mesenchymal stem cells and may represent aberrant differentiation events 34 ( Figures 6a  and b) . As mentioned, SIX1 plays a critical role in mammalian organogenesis, and interestingly many of the genes in these categories were specifically associated with organs and tissues where SIX1 is relevant, such as kidney or muscle 12, 35 (Figure 6b ). Given the link between SIX1 and p16 described above, we also wished to know if gene regulation by SIX1 during senescence could be mediated by the p16/Rb/E2F pathway. All the genes upregulated with shSIX1 retained similar regulation in the absence of p16. In contrast, the expression of downregulated genes was affected by shp16 to different degrees (Figure 6c ). Taken together, the expression profiling data suggest that shSIX1 senescence is accompanied by the activation of a development and differentiation-related gene program that involves Polycombmediated gene regulation, and may involve both p16-dependent and independent mechanisms.
To characterize the relevance of SIX1-mediated gene regulation in senescence, we asked whether a similar program was present in other forms of senescence. To this end, we compared the data for shSIX1 senescence with our previous analysis in Ras-senescent cells. 16 We found that a significant fraction of differentially expressed genes were similarly regulated in Ras-senescence (Figure 6b) , especially within the group of shSIX1 upregulated genes (41 out of 300, 14%). Interestingly, this set of genes showed similar enrichment in Polycomb-related genes, further supporting the notion that SIX1 is relevant for PRC-mediated gene regulation during senescence (Supplementary Table S1 ). We further validated the senescence-specific regulation of a selection of genes by QPCR, using Ras/E1A-expressing IMR90 as senescence bypass controls (Figure 6d ).
SIX1 plays a critical role in organogenesis, and it is also overexpressed in a variety of human tumors. 7 To understand the relevance of senescence regulation in SIX1 function in these contexts, we asked if the SIX1-senescence expression module could also be associated to SIX1 in tumors or during organogenesis. Inspection of the Oncomine expression database (https:// www.oncomine.org) revealed that SIX1 overexpression was most Figure S5 ). Similar correlations were found for additional SIX1-overexpressing tumors, including soft tissue sarcomas or breast and lung tumors, although the specific SIX1-senescence genes involved varied depending on the tumor type (Supplementary Figure S5) . During kidney development, SIX1 and its relative SIX2 play a critical role in specifying a cell population with stem/progenitor features in the metanephric mesenchyme, whose interaction with the ureteric bud is critical for the correct development of the mature kidney or metanephros. 12, 36, 37 We interrogated expression data for these structures of the developing mouse kidney, using the GUDMAP database (http://www.gudmap.org), again finding a good correlation between Six1 expression and a set of the most differentially expressed genes in SIX1 senescence (Figure 6f, bottom) . Taken together, these results indicate that similar expression programs are controlled by SIX1 in senescence, cancer and organogenesis, and suggest that regulation of senescence could play an important role in SIX1 function in diverse biological settings.
DISCUSSION
Cellular senescence plays a critical role in a variety of pathological and physiological settings. 1, 2 Onset and maintenance of senescence are under strict regulation that includes transcriptional and epigenetic mechanisms. 3 In this report, we identify the homeoprotein SIX1 as a novel repressor of cellular senescence, via epigenetic regulation of p16INK4A, as well as the implementation of a development and differentiation-related expression program.
Our data strongly support a model where SIX1 regulates senescence mainly by controlling gene expression, in cooperation with PRCs. Extensive evidence suggests that PRC complexes play an essential role in the regulation of senescence, by derepressing key senescence effector loci, including the INK4/ARF locus. 5, 28, 32 The mechanism responsible for targeting PRC to specific loci is poorly understood, and it could involve sequence-specific transcription factors, as well as non-coding RNAs. 38 Our results would indicate that SIX1 is a novel factor involved in targeting PRC complexes to specific loci during senescence. The presence of SIX consensus motifs in gene promoters (data not shown) and the overlap with genes identified in SIX1 ChIP studies in myoblasts 39 suggest that an important fraction of differentially expressed genes are likely direct targets of SIX1, as we have shown for the p16INK4A locus. However, additional indirect mechanisms, including the participation of the p16/Rb/E2F axis, may be involved in gene expression control by SIX1 in senescence. Previously, other homeobox proteins unrelated to the SIX family have been identified in screenings for regulators of senescence and the INK4A locus. However, the in vivo relevance of these factors in senescent fibroblasts is unclear. 40, 41 In contrast, our results strongly indicate that SIX1 is a physiologically relevant regulator of p16 during senescence, based on the regulation of endogenous SIX1 during senescence, and the robust functional link between SIX1 and p16. It has been suggested that SIX proteins can activate or repress transcription depending on their interaction with cofactors of the EYA or Groucho and Dachsund families, respectively. 36 Our current data provide a novel mechanism for SIX1-mediated repression in cooperation with PRC complexes, and it would be interesting to determine the possible participation of SIX1 cofactors in this context. In addition to its role in PRCmediated repression shown here, previous studies have shown PRC-mediated repression of the Six1 locus during differentiation of cardiac progenitors 42 or embryonic stem cells. 43 Whether PRC are involved in SIX1 regulation in senescence is currently unclear, but it seems unlikely. First, senescence is generally associated with diminished PRC repressive activity and increased expression of PRC-repressed genes, 28 in contrast to SIX1 repression in senescence. Also, clear changes in the H3K27Me3 mark in the SIX1 locus are not apparent in public data sets for Ras-senescent fibroblasts. 44 Further work is needed to define the mechanism responsible for SIX1 regulation during senescence and also to determine potential links between SIX1 and Polycomb in other settings.
A distinct feature of senescence triggered by SIX1 silencing in human fibroblasts was the absence of a canonical SASP. Notably, a and in metanephric mesenchyme (MM) and ureteric bud (UB) of E11.5 mice (bottom). RNA expression data were retrieved from Oncomine and GUDMAP databases and Gene Expression Omnibus (GSE15641 for kidney tumor and normal tissue, and GSE6290 for mouse developing kidney). For reference, the position of the relevant genes in a heatmap representation of their expression in shSIX1-IMR90 cells is included (red, upregulated; blue, downregulated genes).
similar SASP-independent pro-senescence effect has been reported for human fibroblasts with enforced p16 expression. [45] [46] [47] These results, together with the link between SIX1 and p16 we have shown, support a model where SIX1 cooperates with p16 in a signaling axis responsible for the senescent cell-cycle arrest, while implementation of the SASP occurs through a SIX1-independent pathway that involves additional factors like C/EBP and nuclear factor-κB. 20, 48, 49 Our results may have important implications in the role of SIX1 in tumorigenesis. SIX1 overexpression has been reported in various human tumors, frequently associated with increased stemness or invasiveness. 7, 8 The novel link between SIX1 and senescence that we report here may provide an additional rationale for SIX1 overexpression in tumors. The reduced SIX1 expression in senescent premalignant lesions, together with the inverse-correlated expression of SIX1-senescence genes in tumors with SIX1 overexpression, is consistent with the notion that senescence escape may contribute to the oncogenic function of SIX1 in human cancer. Thus, it can be speculated that, in addition to other pro-tumor effects, SIX1 overexpression may act at early stages of tumorigenesis to blunt the antitumor barrier established by senescence, facilitating tumor formation or progression.
Remarkably, SIX1 senescence was characterized by the orchestrated regulation of a large set of genes linked to development, organogenesis and differentiation, specifically associated with organs and tissues where SIX1 is physiologically relevant. 12, 35 Interestingly, some of these genes were similarly regulated during OIS, suggesting the generality of this expression pattern. Of note, SIX1 is highly expressed in a variety of embryo and adult stem/progenitor cells, and its downregulation is often associated with differentiation. 10, 36, [50] [51] [52] [53] Also, in the context of tumors, SIX1 expression is frequently associated with cancer stem cell populations. 15, 54, 55 Taken together, our data indicate that regulation of a development and differentiation-associated gene program, with the participation of SIX1, is an integral part of senescence. It is currently unclear how this differentiation/ development signature may contribute to the senescent phenotype, but we speculate that senescence may serve to blunt latent plasticity in adult tissues and reinforce differentiation. Such a prodifferentiation effect may have important implications in the role of senescence as an antitumor barrier but also in other physiological and pathological settings, and it is in agreement with evidence showing that senescence can oppose pluripotency. [56] [57] [58] Intriguingly, despite the prevalence of the differentiation signature, some genes linked to embryo or adult stem cells were also increased in senescence, and further studies should clarify how the balance between differentiation and plasticity is integrated during senescence. Interestingly, recent results have shown that cellular senescence plays a physiological role in development 59, 60 and in adult stem cell homeostasis. 61 Defective SIX1 function is linked to severe defects in organogenesis and adult tissue regeneration, often linked to altered differentiation. 10, 36 It would be interesting to determine if these SIX1-related phenotypes could be related to senescence. In summary, our results identify SIX1 as a novel repressor of senescence, through epigenetic control of p16INK4A-mediated arrest and a developmental and differentiation gene expression program, and as such they highlight the cross-talk between senescence, differentiation and tumorigenesis.
MATERIALS AND METHODS
Cell culture
Human primary fibroblasts IMR90 were obtained from ATCC, p53-null mouse embryo fibroblast and human dermal fibroblasts were obtained from Manuel Serrano (CNIO, Madrid, Spain). All primary fibroblasts were used at low passage, using Dulbecco's modified Eagle's medium (Gibco, Waltham, MA, USA), with 10% fetal bovine serum (Gibco), in the presence of penicillin and streptomycin. Inducible ER:Ras IMR90 cells were generated using the vector pLNC-ER:RasV12 and treated with 1 μM 4-hydroxytamoxifen for Ras induction. Quiescent IMR90 were obtained by culturing the cells in serum-free medium for 48 h. For MEK inhibition, PD98059 was added during retroviral transduction at a final concentration of 20 μM.
Retroviral transduction
Retroviral and lentiviral transductions were performed as described. 16, 62 shSIX1 vectors were obtained from Sigma (St Louis, MO, USA; shSIX1a: NM_005982.1-992s1c1; shSIX1b: NM_005982.3-967s21c1; shSIX1d: NM_005982.3-1198s21c1). pRetroSuper human p53, pRetroSuper mouse p53, pRetroSuper human p16 and pLNC-ER:RasV12 were kind gifts from Daniel Peeper and Rene Bernards (NKI, Amsterdam, The Netherlands), Manuel Serrano and Masashi Narita (CRI, Cambridge, UK), respectively. pLPC-SIX1 was cloned during this study using cDNA from IMR90 cells. Additional vectors used were pLPC-RasV12, pLPC-MEKQ56P, pLPC E1A-RasV12 21 and MSCV-OSKM. 56 All assays were performed 8 days after infection, unless stated otherwise.
Western blot
Western blot was carried out as described. 63 The following primary antibodies were used: panRas (OP-40, Calbiochem, Darmstadt, Germany), E1A (M-73, Santa Cruz Biotechnology, Dallas, TX, USA), SIX1 (HPA001893, Sigma), p53 (sc-126, Santa Cruz Biotechnology), p21CIP1 (sc-397, Santa Cruz Biotechnology), p16INK4 (sc-56330, Santa Cruz Biotechnology), IL8 (MAB208, RD Systems, Minneapolis, MN, USA), tubulin (T9026, Sigma), Cyclin A (sc-751, Santa Cruz Biotechnology).
Immunofluorescence Immunofluorescence was performed as described. 16 The primary antibodies used were: bromodeoxyuridine (347580, BD Biosciences, Franklin Lakes, NJ, USA), tubulin (T9026, Sigma), p16 (sc-56330, Santa Cruz Biotechnology), IL8 (MAB208, RD Systems), SIX1 (HPA001893, Sigma and 10709-1-AP, Proteintech, Manchester, UK), gamma-H2AX (JBW301 05-636, Upstate, Billerica, MA, USA) and H3K27Me3 (07-449, Millipore, Darmstadt, Germany).
Immunohistochemistry
Murine skin papillomas obtained with a DMBA/TPA carcinogenesis protocol and normal skin controls from wild-type 129Sv/Pas mice were processed for immunohistochemistry as described, 64 using the following antibodies: p19Arf (sc-32748, Santa Cruz), SIX1 (HPA001893, Sigma), Ki-67 (0003110QD, Master Diagnostica, Granada, Spain) and Keratin 10 (PRB--159P, Covance, Princeton, NJ, USA). All animal procedures were performed according to regulations.
Other cell biology methods Senescence-associated β-galactosidase activity and bromodeoxyuridine incorporation were measured as previously described; 16 crystal violet staining was performed as described in Gomez-Cabello et al.
62
Quantitative PCR Quantitative RT-PCR was performed as described, 65 using the following primers: BMP2 (CGGACTGCGGTCTCCTAA, GGAAGCAGCAACGCTAGAAG), CCDN1 (GCCGAGAAGCTGTGCATC, CCACTTGAGCTTGTTCACCA), EGR2 (TTG ACCAGATGAACGGAGTG, TGGTTTCTAGGTGCAGAGACG), EYA2 (ACGCTGCT GTGTGGACTCT, AGAGCTGGGACACTCTCAGG), FZD8 (CTCTGCTTCGTGTCCA CCTT, GAAGCGCTCCATGTCGAT), IL8 (AGACAGCAGAGCACACAAGC, ATGGT TCCTTCCGGTGGT), p16INK4A (GTGGACCTGGCTGAGGAG, CTTTCAATCGGG GATGTCTG), p19ARF (GGGTTTTCTTGGTGAAGTTCG, TTGCCCATCATCATCA CCT), p21CIP1 (GGCACACACACATTAACACACTT, GGTGTGTGAGAGCAATTCT CAG), PAX3 (AGCCGGAGAAAGGACCTC, GAAGGGACGCCAGTAAGATG), PODXL (GCGCTGCTGCTACTGTTGT, CCGTAGTAGTCTGGGTTGCAT), RDH10 (ATCAACACGCAAAGCAACG, TCCTCACCATTCCCAGCTT), human SIX1 (ACCG GAGGCAAAGAGACC, GGAGAGAGTTGGTTCTGCTTGT), mouse SIX1 (ACCGG AGGCAAAGAGACC, GGAGAGAGTTGATTCTGCTTGTT), SIX4 (CCGAGACCCAG TCCAAAAG, CCATATGACTGGAAAGGCTGA), SIX5 (CTGCCAATGTGCACCT CAT, GTTGGCCAGGAGGAAGTTT), TCF21 (CATTCACCCGGTCAACCT, TCAGGT CACTCTCGGGTTTC).
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ChIP
ChIP was performed essentially as described, 65 using 293 T cells transiently transfected with pLPC-SIX1 or IMR90 fibroblasts expressing shSIX1, except that the crosslinking step with DMA was omitted for H3K27Me3 immunoprecipitation. The antibodies used were: anti-SIX1 (HPA001893, Sigma) and anti-H3K27Me3 (07-449, Millipore). The primers used for PCR were CTCAAAGCGGATAATTCAAGAGC, AAGCCTTAAGAACAGT GCCACAC (1050 nt upstream of p16INK4A transcription start site).
Conditioned medium assays IMR90 cells were cultured in 10% serum Dulbecco's modified Eagle's medium until they reached 90% confluence. Next, medium was removed, cells were washed three times with phosphate-buffered saline and serumfree Dulbecco's modified Eagle's medium was added to cells. Seventy-two hours later the medium was collected, centrifuged and stored at − 80 ºC. Prior to its use, serum was added at a final concentration of 1%. Enzymelinked immunosorbent assay for IL8 was performed using the Quantikine ELISA kit from RD Systems.
Microarray gene expression profiling
Microarray experiments were performed essentially as described 16 using Human Whole-Genome array G4112F (Agilent Technologies, Santa Clara, CA, USA). Two independent lentiviral infections were performed in early passage IMR90 fibroblasts with shSIX1 and its empty vector as control. Total RNA was prepared 8 days post-infection, labeled and competitively hybridized to arrays using as a reference a reverse-labeled sample from vector-infected cells. One additional hybridization was performed labeling the RNAs with the reciprocal fluorochromes. Differentially expressed genes in shSIX1 versus vector (twofold difference in all of the samples and s.d. o 0.5) were identified with GEPAS (Gene Expression Pattern Analysis Suite, http://gepas3.bioinfo.cipf.es). This subset of genes was further analyzed by gene set enrichment analyses (www.broadinstitute.org/gsea) using collections C2 (Curated Gene Sets, which include expression signatures from published studies) and C5 (Gene Ontology gene sets). The top 20 gene sets with an false discovery rate q-value below 0,05 were chosen.
Statistical analysis
Statistical significance was calculated using unpaired two-tailed Student's t-test (***P o0.001, **Po0.01, *P o0.05). All the graphs show the average and standard deviation from at least two independent experiments.
